The type-specific capsular polysaccharide (CP) of a group B streptococcus, Streptococcus agalactiae type Ia, is a high-molecular-weight polymer consisting of the pentasaccharide repeating unit 4)-
Encapsulated bacteria are frequently associated with serious diseases in both humans and animals. The capsular polysaccharides (CPs) of pathogenic bacteria confer resistance to complement-mediated opsonophagocytosis (35) . In addition, some bacteria have CPs that mimic host molecules to avoid the specific immune system of the host (10) . Bacterial CPs are generally composed of repeating oligosaccharides consisting of two to ten monosaccharides and are sometimes complemented with other components.
Group B streptococci, Streptococcus agalactiae, are human pathogens causing invasive diseases such as sepsis, meningitis, and pneumonia in infants (8) . These gram-positive bacteria have two distinct polysaccharide antigens. One of these, group antigen (C substance), composed of a number of rhamnose units, is common to all strains. The others are type-specific CPs that separate S. agalactiae into eight serotypes. The chemical structures of these polysaccharides have been determined (11, 18-20, 24, 45, 48, 49) .
We are particularly interested in the type-specific CP of S. agalactiae type Ia, whose polysaccharide has a linear backbone of a 4)-␤-D-Glcp-(1-4)-␤-D-Galp-(1 repeating unit with trisaccharide side chains of ␣-NeupNAc-(2-3)-␤-D-Galp-(1-4)-␤-DGlcpNAc-(1 linked to C 3 of each ␤-D-galactose residue of the backbone (19) . Although Streptococcus pneumoniae strains have divergent CPs, the unit structure of the S. agalactiae type Ia CP is similar to those of CPs of S. pneumoniae serotype 14 and S. agalactiae type III (Fig. 1) . However, the polysaccharide is distinct from that of S. pneumoniae serotype 14, since the latter does not contain sialic acid. In S. agalactiae type III, the same sugar units polymerize through a linkage different from that of type Ia, which results in a different CP structure (Fig. 1) .
Recently, the genes involved in CP synthesis (cps) and the mechanisms of biosynthesis have been reported for many bacteria (2, 6, 7, 14, 15) . In fact, cps gene clusters have been analyzed in many S. pneumoniae strains (3, 16, 25-27, 33, 34, 36) but only partially identified in S. agalactiae type III (38) . The biosynthesis of CPs is a complex enzymatic pathway starting with the uptake or synthesis of the monosaccharides and their activation to nucleotide derivatives. Membrane-bound transferase complexes then catalyze the successive coupling of the monosaccharides to a membrane-bound lipid carrier, followed by polymerization of the sugar subunits and subsequent export and attachment of the complete CP to the cell surface (6, 7) .
In this study the structure and the transcription of the cps gene cluster required for synthesis of S. agalactiae type Ia CP were studied and compared with those of S. pneumoniae serotype 14. The functions of several gene products were also determined by measuring enzyme activities.
MATERIALS AND METHODS
Bacterial strains, media, and plasmids. S. agalactiae type Ia strain OI1 was isolated from a vaginal swab from a patient with no symptoms of infection. This strain was confirmed to express the type Ia capsule by using type Ia-specific antiserum (Denka Seiken Co.), which was prepared with CP of a type strain from the WHO collaborate center, The Czech Republic National Collection of Type Cultures at the Institute of Hygiene. S. agalactiae type Ia strain OI1 was cultured in Todd-Hewitt broth (Becton Dickinson) supplemented with 2% glucose and 1.5% Na 2 HPO 4 at 37°C (46) . Escherichia coli DH5␣ (39) was used as the host for pBluescript II KS (ϩ) or SK (ϩ) (Stratagene). E. coli JM109 (39) was used as the host for the expression plasmids. All E. coli clones were routinely grown in Luria-Bertani broth (39) containing appropriate antibiotics.
DNA manipulations. Most DNA manipulations were performed according to standard procedures (39) . Chromosomal DNA was isolated as reported previously (4). 32 P-labeled probes were prepared with a BcaBEST labeling kit (Takara). PCR was performed with Takara Long and Accurate Taq according to the manufacturer's instructions.
DNA sequencing. The DNA sequences of both strands were determined by using an ABI 373S automated DNA sequencer (Perkin-Elmer, Applied Biosystems Division). The sequencing data were compared with those in the DDBJ, EMBL, and GenBank databases by using the BLAST network service at the National Center for Biotechnology Information, National Institutes of Health, Bethesda, Md.
Construction of expression plasmids. For construction of expression plasmids, various cps gene DNA fragments were directly amplified with chromosomal DNA from S. agalactiae type Ia by using PE-FWD1 (5Ј-CCCAAGCTTGTGGC TATCTTGAAGAGT-3Ј [the HindIII site is underlined]), PE-FWD2 (5Ј-TCCC CGGGTGGCTATCTTGAAGAGT-3Ј [the XmaI site is underlined]), or PE-FWD3 (5Ј-GGGGTACCGTGGCTATCTTGAAGAGT-3Ј [the KpnI site is underlined]) as specific primers for the 5Ј end of cpsIaE. PE-REV (5Ј-CGGG ATCCTCCTTTCAAACCTTACCT-3Ј [the BamHI site is underlined]), PF-REV (5Ј-ACGCGTCGACTGACAATTCTGAGGTTC-3Ј [the SalI site is underlined]), PG-REV (5Ј-ACGCGTCGACAACGAGTTAAAAGCTGC-3Ј [the SalI site is underlined]), PI-REV (5Ј-GGGGGGAGCTCATAGGTACAATTA CACTT-3Ј [the SacI site is underlined]), and PJ-REV (5Ј-AGGCTGCAGAAC AATTCGTGGTCACTC-3Ј [the PstI site is underlined]) were used as specific primers for the 3Ј ends of the respective cps genes. The PCR products were digested with an appropriate restriction endonuclease to cleave within each primer sequence and ligated to pBluescript II SK (ϩ) or KS (ϩ). The expression plasmids containing cpsIaE alone and cpsIaE to IaF, to IaG, to IaI, and to IaJ were designated pBAPE, pBAPF, pBAPG, pBAPI, and pBAPJ, respectively (Fig. 2) . These plasmids were sequenced to check whether any mutations were introduced. The plasmid containing cpsIaI and IaJ was constructed by ligating the DNA fragment of pBA103 into pBluescript II SK (ϩ) in the correct orientation with respect to the lac promoter and designated pBAPIJ. E. coli JM109 was transformed with these plasmids. The cps genes in these plasmids were under the control of the lac promoter of pBluescript. Membranes of the recombinant E. coli cells were isolated 2 h after induction with 1 mM IPTG for analysis of sugar intermediates.
Glycosyltransferase assays with 14 C-labeled UDP-monosaccharides. Sugar intermediates formed by the recombinant E. coli were analyzed to assess the enzyme activities of several cps gene products. Preparation of the E. coli membrane fractions and glycosyltransferase activity assays were performed essentially as described by Kolkman et al. (26, 27) . E. coli containing the plasmid pBAPIJ was used as a negative control. For competition analyses, unlabeled UDPglucose, UDP-galactose, and UDP-N-acetylglucosamine were added at a final concentration of 500 M.
Isolation of RNA, Northern hybridization, reverse transcription (RT)-PCR, and primer extension. Total cellular RNA was prepared from 50-ml cultures of exponentially-growing S. agalactiae type Ia cells by using an RNeasy Midi kit (QIAGEN). All RNA isolation steps were performed according to the manufacturer's instructions, except that 50 U of mutanolysin (Sigma)/ml was used to degrade the cell walls in addition to lysozyme and incubation time was extended to 1 h. The isolated RNA was treated with RNase-free DNase I (Sigma) at 25°C for 2 h.
For RT-PCR, reverse transcription was performed with primers derived from the downstream flanking region of cpsIaJ (5Ј-CTACAAGCTCCATCACTTCT TCA-3Ј), the internal region of neuA (5Ј-TTTTTCCCTAATGGCATAATCG-3Ј), the 3Ј-end region of orf1 (5Ј-GAGCCAAATCAGATAAGGACACTG-3Ј), the internal region of ung (5Ј-TGACAGCATCAGTAAAAGGTTCCC-3Ј and the downstream region of ung (5Ј-CGCTGGGGTTTTGCTAGGATT-3Ј) by using ReverTra Ace (Toyobo) (Fig. 3B) . PE-FWD1 and PE-REV primers were used for amplification of cpsIaE, PD-FWD (5Ј-TGATGGTCGTTCCTT-3Ј) and PE-REV primers were used for the 3Ј region of cpsIaD and cpsIaE, and PB-FWD (5Ј-TCTAGCTTATCTAATGCAAAAT-3Ј) and PE-REV primers were used for cpsIaB to IaE. For cpsIaA, PA-FWD (5Ј-GGCATTTAGACACCTGA ACG-3Ј) and PA-REV (5Ј-GTTTGAACGGATGTTTGGAGCTGTG-3Ј) were used. For the upstream region of cpsIaA, primers designed according to the partially sequenced upstream region (PUA-FWD, 5Ј-ACAATCTCAGGACTG TTTA-3Ј; PUA-REV, 5Ј-TGGTAGCATGAATGAAGCCGC-3Ј) were used (Fig. 3B ). As controls, each locus was amplified with the same primers by using chromosomal DNA of S. agalactiae type Ia as the template. As negative controls, reaction product without reverse transcriptase was used as the template. Northern blotting analyses were carried out by using formaldehyde-1% agarose gels as reported previously (39) . DNA probes were amplified by using PA-FWD and PA-REV primers for cpsIaA, PORF1-FWD (5Ј-CCGGGGATC CTCAGAGAAACCAGAAACA-3Ј) and PORF1-REV (5Ј-GCGGCTCGAGT TAATCTTCGTCCTTAAG-3Ј) for orf1, PU-FWD (5Ј-CCAGTGTCCTTATCT GATTTGGCTC-3Ј) and PU-REV (5Ј-TGACAGCATCAGTAAAAGGTTCC C-3Ј) for ung, and PUA-FWD and PUA-REV for upstream of cpsIaA. Primers PDU-FWD (5Ј-GTTTAAGCCAAACGGAACCAA-3Ј) and PDU-REV (5Ј-AG TGGTAATACTGGCACCA-3Ј) were synthesized for amplification of the downstream region of ung. These probes were labeled with [␣-
32 P]dCTP (Ͼ3,000 Ci/mmol) (Amersham).
For primer extension, the oligodeoxyribonucleotide primers (5Ј-TCACCCGT AGAGGTGTATG-3Ј, 5Ј-GGAAAGTCGTGTCGTTG-3Ј, and 5Ј-AATTTCAT CACGAAACAAGG-3Ј) were designed based on the sequences downstream of the cpsIaA, cpsIaE, and orf1 initiation codons, respectively. These oligonucleotide primers (50 pmol) were 5Ј-end labeled with [␥-
32 P]ATP (Ͼ3,000 Ci/mmol) (Amersham) by using a Megalabel kit (Takara). Then, 14 l of total RNA (20 g) was mixed with 4 l of labeled oligonucleotide primers (2 ϫ 10 4 cpm) and 4 l of 5ϫ reaction buffer for reverse transcriptase (ReverTra Ace; Toyobo). The mixture was denatured for 2 min at 80°C, and then 10 l of deoxynucleoside triphosphate mixture (2.5 mM each), 3 l of 5ϫ reaction buffer, and 1.5 l of reverse transcriptase (150 U) were added, and the reaction mixture was incubated for 1 h at 42°C. The final products were denatured for 3 min at 95°C and loaded onto a 6% polyacrylamide-8 M urea sequencing gel. Sequencing was performed with the same oligonucleotide primer by using a BcaBEST dideoxy sequencing kit (Takara) and [␣-
32 P]dCTP (Ͼ3,000 Ci/mmol) (Amersham). In the sequencing reaction, pBA104, pBA107, and pBA108 were used as templates for the promoter regions upstream of cpsIaE, cpsIaA, and orf1, respectively.
Nucleotide sequence accession number. The sequence reported here was submitted to the GenBank database through DDBJ with accession no. AB028896.
RESULTS AND DISCUSSION
Cloning of the cps locus from S. agalactiae type Ia. The DNA sequence of a part of the cps locus (cpsA to -D) of S. agalactiae type III has been reported previously (38) . To obtain DNA for use as a probe for cps genes of S. agalactiae type Ia strain OI1, PCR was performed with chromosomal DNA of the strain by using primers cpsDIII-FWD (5Ј-GGGGGATCCAATGGTAT TGAAATACAG-3Ј) and cpsDIII-REV (5Ј-AATCTGCAGA CTTAGCTCCTGTCCCGAGT-3Ј), which were designed according to the previously reported DNA sequence of the cpsD gene of S. agalactiae type III. To clone cps genes, an EcoRI genomic DNA library of S. agalactiae type Ia was constructed with pBluescript II SK (ϩ) as a vector, and this library was screened by colony hybridization with the PCR product. The location of this probe is shown in Fig. 2 . One positive clone containing a 3.5-kb EcoRI fragment was selected and designated pBA101. The gene corresponding to cpsD of S. agalactiae type III in this clone was designated cpsIaE to avoid confusion, because the overall structure of the cps gene cluster has been studied in detail in S. pneumoniae and the corresponding genes of pneumococcal bacteria are named cpsE (e.g., cps14E of S. pneumoniae serotype 14 and cps19fE of S. pneumoniae serotype 19F). Sequence analysis of the plasmid pBA101 revealed that the 3.5-kb EcoRI fragment contained almost all of cpsIaE and three complete open reading frames (ORFs) immediately downstream of cpsIaE, designated cpsIaF to cpsIaH, but did not contain the entire type Ia cps locus. Therefore, BamHI, BglII, and MboI genomic DNA libraries of S. agalactiae type Ia were constructed with pBluescript II SK (ϩ) to clone both upstream and downstream regions of the 3.5-kb EcoRI fragment. From these libraries, 6.1-kb BamHI, 3.1-kb BglII, and 3.9-kb BglII fragments were cloned in pBluescript, with the DNA insert of pBA101 used as a probe. This yielded plasmids pBA102, pBA103, and pBA104, respectively (Fig. 2) . EcoRI DNA fragments of 2.8 and 7.3 kb were also cloned by using pBA104 and pBA103 as probes and designated pBA105 and pBA106, respectively (Fig. 2) . Furthermore, the 5.7-kb MboI fragment designated pBA107 and the 10.9-kb BamHI fragment designated pBA108 were cloned by using pBA105 and pBA106 as probes, respectively. By gene walking experiments, a DNA region of 26 kb containing the cps locus was obtained.
DNA sequence analysis. The DNA sequence of 17,826 nucleotides was completely determined on both strands with overlapping clones covering the cps gene locus. Sequence analysis showed 18 complete ORFs, designated cpsIaA to cpsIaL, neuB, neuC, neuD, and neuA, orf1, and ung. All ORFs were in the same orientation and were spaced one behind the other at short distances, except for the region of 227 bp between cpsIaD and cpsIaE (Fig. 2) . Possible Ϫ35 (TTGTTT) and Ϫ10 (TAT ATT) sequences were identified in this gap region. Two other potential Ϫ35 (ATGATA and TTGCGA) and Ϫ10 (TAAGTT and TATATT) sequences were identified upstream of cpsIaA and orf1, respectively. Two putative Rho-independent transcription terminator sequences were found downstream of orf1 (⌬G ϭ Ϫ24.5 kcal/mol) and ung (⌬G ϭ Ϫ32.5 kcal/mol) (Fig.  2) . These observations suggested that at least 17 ORFs from cpsIaA to orf1 may constitute one polycistronic operon and that transcription may start from cpsIaA, cpsIaE, and orf1.
A possible Shine-Dalgarno sequence was identified just upstream of the potential initiation codon of each ORF. All ORFs were preceded by ATG codons. The usage of terminator codons was in agreement with the usual E. coli preference. TAA was used 13 times, TAG was used three times, and TGA was used twice. The average GϩC content of the sequenced area was 31.7%. The percent GϩC content of the cps cluster agreed well with that of chromosomal DNA of S. agalactiae (34.0%) (37) .
The amino acid sequence of each ORF was deduced, and an overview of all cpsIa genes, with their properties and translation products, is shown in Table 1 . The cpsIaA gene product was identical to CpsX of S. agalactiae type III (28) and also showed a high degree of similarity to Cps14A (50.2% identity) and Cps19fA (50.6% identity) of S. pneumoniae serotype 14 (27) and 19F (16). Furthermore, CpsIaA exhibited similarity to LytR (32.9% identity) of Bacillus subtilis (29) , as was the case with Cps14A. The pneumococcal CpsA proteins are thought to be involved in the regulation of CP expression, and the LytR protein is a transcription attenuator for the autolysin (lytABC) operon (29) . Therefore, the CpsIaA protein may also have a specific role in the transcriptional regulation of cpsIa genes of S. agalactiae. The hydropathy profile of CpsIaA demonstrated the presence of three N-terminal hydrophobic segments as reported with the corresponding gene of S. agalactiae type III (28) . This suggested that the putative regulatory protein may bind to the cell membrane, similarly to LytR. However, the mechanism by which these membrane proteins regulate transcription is still unclear.
The cpsIaB to cpsIaD gene products were almost identical to CpsA to CpsC of S. agalactiae type III, respectively. These products also showed high degrees of similarity to the corresponding gene products of S. pneumoniae serotypes 14 and 19F (Table 1) . Among these previously reported gene products, those showing homology to CpsIaC and CpsIaD have been suggested to play important roles in the determination of chain length and the export of CPs. The ExoP protein of Rhizobium meliloti is composed of two domains, and CpsC and CpsD proteins of streptococcal bacteria were similar to its N-terminal and C-terminal domains, respectively. The N-terminal domain of ExoP is expected to have a role in determining chain length, based on its homology to other bacterial proteins (5), and the C-terminal domain is supposed to have a regulatory function (5) . As CpsIaC and CpsIaD also showed similarity to the respective domains of ExoP protein, as suggested with Cps14C and Cps14D, these proteins may function in determining chain length and in exporting type Ia CP.
The cpsIaE gene product showed significant identity (98.9%) to type III CpsD (38) . Furthermore, the gene product showed close similarity to Cps14E (49.1% identity) of S. pneumoniae serotype 14 (25) . CpsD of S. agalactiae type III was suggested to be a galactosyltransferase based on the result of mutational analysis (38) , and Cps14E of S. pneumoniae serotype 14 appeared to be a glucosyltransferase (25) . Polypeptides that show homology to CpsIaE of S. agalactiae type Ia are known to catalyze linkage of the first sugar to the lipid carrier ( Table 1 ), suggesting that the gene product may transfer glucose and/or galactose to the lipid carrier.
The gene products encoded by cpsIaF and cpsIaG were homologous to the proteins Cps14F (83.9% identity) and Cps14G (53.2% identity) of S. pneumoniae serotype 14, respectively (Table 1) . Since Cps14G protein is a ␤-1,4-galactosyltransferase (26), CpsIaG of S. agalactiae type Ia was expected to have the same enzyme activity. CpsIaF of S. agalactiae type Ia contained a hydrophobic region in the center of the molecule, as was also reported for Cps14F of S. pneumoniae serotype 14 (26) . This hydrophobic region of Cps14F is thought to be anchored in the membrane as reported with SpsK of Sphingomonas strain S88 (26) .
S. agalactiae type Ia CpsIaH showed a degree of homology (23.6% identity) to Cps14H of S. pneumoniae serotype 14. Although these two proteins did not show close homology over the entire region, the 12 membrane-spanning domains observed in Cps14H were also detected in S. agalactiae type Ia CpsIaH (data not shown). In S. pneumoniae serotype 14, Cps14H is supposed to be a CP polymerase, based on its homology to O antigen polymerase (Rfc) of Shigella flexneri (32) and Salmonella typhimurium (9) . Since CpsIaH of S. agalactiae type Ia showed homology to the Rfc proteins, CpsIaH may also be a CP polymerase.
The gene products encoded by cpsIaI and cpsIaJ showed similarity to several putative glycosyltransferases involved in the biosynthesis of CPs, lipopolysaccharides, and exopolysaccharides in numerous bacterial species (Table 1) . Especially, CpsIaI and CpsIaJ of S. agalactiae type Ia showed moderate similarity to Cps14I and Cps14J of S. pneumoniae serotype 14, respectively. In S. pneumoniae serotype 14, Cps14I and Cps14J have ␤-1,3-N-acetylglucosaminyltransferase and ␤-1,4-galactosyltransferase activity, respectively (27) . This suggested that cpsIaI and cpsIaJ may encode an N-acetylglucosaminyltransferase and a galactosyltransferase required for addition of the third and the fourth sugar residues in the oligosaccharide side chain of type Ia CP, respectively. DXD, DXS, and ED sequences have been found in many glycosyltransferases involved in biosynthesis of CPs, lipopolysaccharides, and exopolysaccharides (22, 27) . It was previously reported that ␣-glycosyltransferases contain two sets of DXD which are essential for enzyme activity (40, 41) . On the other hand, ␤-glycosyltransferases contain one set of DXD, DXS and, sometimes, ED sequences aligned at suitable distances (22, 27) . All these sequences were found in CpsIaI and CpsIaJ, but only DXD and DXS were found in CpsIaE. The lack of ED in CpsIaE was in accordance with the previous observation by Keenleyside and Whitfield that glycosyltransferases to lipid carriers often do not contain this sequence (22) . Neither of these conserved sequences was found in the CpsIaG galactosyltransferase of S. agalactiae type Ia. CpsIaG may belong to a different glycosyltransferase family than CpsIaE, CpsIaI, and CpsIaJ.
The cpsIaL gene of S. agalactiae type Ia encoded a protein which showed similarities to RfbX of Shigella dysenteriae and CapF of Staphylococcus aureus (Table 1) . Furthermore, the hydropathy profile of CpsIaL was similar to those of RfbXrelated proteins (data not shown). The RfbX of S. dysenteriae is thought to be involved in one of the later CP synthesis steps, such as transfer of the repeating unit to the cell surface (23) . Thus, CpsIaL may be involved in a later stage of CP synthesis.
It is noteworthy that the levels of homology between CpsIaA to CpsIaG of S. agalactiae type Ia and corresponding gene products of S. pneumoniae serotype 14 were high (44 to 85%). However, their downstream gene products (CpsIaH to CpsIaL) showed less homology (15 to 40%) to those of S. pneumoniae serotype 14.
In addition to these ORFs, six ORFs were identified downstream of cpsIaL (Fig. 2) . Among these, the first four ORFs were found to be related to sialic acid synthesis. These ORFs were designated neuB, neuC, neuD, and neuA, based on their similarity to gene products required for polysialic acid synthesis in E. coli K1. In E. coli K1, neuB and neuC gene products are involved in sialic acid synthesis (1, 51) , and it is likely that the corresponding gene products of S. agalactiae type Ia have the same function. NeuD of S. agalactiae type Ia showed similarity (33.0% identity) to NeuD of E. coli K1. The NeuD protein of E. coli showed homology to several bacterial acetyltransferases, but its target is unknown. The neuA gene product of S. agalactiae type Ia was almost identical to previously reported CpsF (99.2%) of S. agalactiae type III (17) and showed homology (33.0%) to NeuA of E. coli K1 (52). These wellstudied proteins have been confirmed to be CMP-sialic acid synthetases.
Additional ORFs were identified downstream of neuA and designated orf1 and ung. ORF1 showed similarity (28.2% identity) to the N-terminal cytoplasmic domain of EvgS, which seems to be a sensor protein of a two-component regulatory system responding to environmental stimuli (43) . However, the function and involvement of the ORF1 protein in CP synthesis are not yet clear. An ORF showing high similarity to ung gene products of S. pneumoniae (31) and Bacillus subtilis (13) was found downstream of the orf1 gene. The Ung proteins function in DNA mismatch repair. The role of the gene in the cpsIa cluster is also still obscure.
Functional analysis of streptococcal glycosyltransferase expressed in E. coli. Repeating units of bacterial CPs are known to be synthesized on lipid carriers on the cell surface (6, 7). Since CpsIaE, CpsIaG, CpsIaI, and CpsIaJ showed homology to several glycosyltransferases of S. pneumoniae serotype 14, the functions of these molecules were examined by analysis of 5) , which showed that 18 genes (cpsIaA to ung) constitute a single transcription unit. The orf1 probe also hybridized to a short transcript (0.5 kb) (Fig. 3A, lane 2) , indicating that the promoter upstream of orf1 may be functional. The size of this short transcript was consistent with that of the orf1 gene (0.5 kb), suggesting that the terminator signal downstream of orf1 might be functional. Then, RT-PCR was performed to characterize the transcripts expressed from the cps gene cluster in detail. For RT reaction, five primers for the cpsIaJ, neuA, orf1, and ung loci and the downstream region of ung were used (Fig.  3B) . The cpsIaE gene (1.2 kb) was almost equally amplified from all RT reaction products except for that downstream of ung (Fig. 3B, lanes 1 to 5) , suggesting that termination of transcription occurred downstream of ung. Taken together, these results suggest that 18 genes (cpsIaA to ung) constitute a single transcription unit.
To confirm the 5Ј end of the cps locus, the following two RT-PCR experiments were performed. From the chromosomal DNA of S. agalactiae type Ia, cpsIaE (lanes 7 and 11), cpsIaD to cpsIaE (1.7 kb, lane 12), and cpsIaB to cpsIaE (3.6 kb, lane 13) loci were amplified as shown in Fig. 3B . These were used as controls for the size effect of band density on gels. The same loci were then amplified from the RT product obtained by using the primer designed from 3Ј-flanking region of cpsIaJ. The extent of the amplification of cpsIaD to cpsIaE and that of cpsIaB to cpsIaE was less than that of cpsIaE (Fig. 3B,  lanes 8 to 10) , indicating that RT partially stopped between the 3Ј end of cpsIaD and the 5Ј end of cpsIaE. This result suggested that transcription of the cps genes started from two sites, upstream of cpsIaA and upstream of cpsIaE, consistent with the presence of possible promoter sequences upstream of cpsIaA and of cpsIaE. The cpsIaA gene and the upstream region of cpsIaA were also amplified from the RT product prepared by using the 3Ј-flanking region of cpsIaJ. As shown in Fig. 3B , cpsIaA was amplified, but its upstream region was not (lanes 14 and 15). The cpsIaA gene was also amplified from the RT product prepared with the 3Ј end of ung (data not shown). These results indicated that the 5Ј end of the transcript is upstream of cpsIaA. No potential termination site was found in the gap region between cpsIaD and cpsIaE of S. agalactiae type Ia. This suggested that a transcript corresponding to cpsIaA to cpsIaD may not be formed and that cpsIaA to IaD may be expressed as a long transcript covering the entire cps locus.
Based on the results of Northern hybridization and RT-PCR, we determined the transcriptional start sites located just upstream of cpsIaA, cpsIaE, and orf1 by primer extension. The results shown in Fig. 3C indicated that the start sites of transcription resided 14, 56, and 46 nucleotides upstream of the cpsIaA, cpsIaE, and orf1 start codons, respectively (Fig. 3C) . Typical Ϫ10 sequences (TAAGTT, TATATT, and TATATT) were found eight or ten nucleotides upstream of the three transcriptional start sites (Fig. 3C) , which corresponded to the putative promoters identified by DNA sequence analysis.
The entire cps gene cluster of S. pneumoniae serotype 14 (cps14A to 14L) was suggested to be expressed as one transcriptional unit, since a putative promoter is located just upstream of cps14A and a potential terminator is located just downstream of cps14L (27) . However, in the cps cluster of S. agalactiae type Ia, alternative transcription may occur from at least three promoters. As the internal promoter sequences and the long gap region detected in the cpsIa cluster were not found in the cps14 cluster, this is specific for the cps loci of S. agalactiae type Ia. Furthermore, the genes required for the synthesis of sialic acid were included in the cps polycistronic operon, and the cps cluster of S. agalactiae type Ia was much larger than the S. pneumoniae serotype 14 cps gene cluster. In these respects, the operon structure of cpsIa genes differs from that of cps14 genes.
In this study, the sialyltransferase required for the addition of the fifth monosaccharide was not identified. None of the ORFs reported here showed significant similarity to previously reported sialyltransferases. Furthermore, no ORF encoding a product with sialyltransferase activity was detected within the sequenced DNA region. Screening for a sialyltransferase gene is currently in progress in our laboratory.
